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ABSTRACT
As part of the development of a point of care complete blood count device, I designed a
single use lancet integrated with a blood collection mechanism and interface and
successfully tested a prototype. High speed video was taken of lancet motion at 50,000
frames per second, and lancet velocities were found to be -11 m/s as compared to ~3m/s
for a commonly used lancet. As faster lancet velocity reduces pain, this device will be
less painful than comparable devices on the market. Work with an industrial design
consultant has begun, and the lancet prototype will be modified for production. I built a
prototype of the blood collection mechanism and integrated it with the single-use lancet
into a single device. Additionally, I designed the loading mechanism to interface
collected blood with the machine. Several concepts were considered, and the best
concept was selected and prototyped. The loading mechanism was tested to ensure
proper mixing between collected blood and reagents required for the complete blood
count.
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1 INTRODUCTION
A complete blood count (CBC) is one of the most commonly ordered medical tests
(nearly 100 million per year in the U.S.) and can provide a wealth of information about a
patient's health. The three major elements of the CBC are: white blood cell (WBC),
hematocrit (Hct), and platelet (Plt) count. A CBC is used to test for many medical
disorders, such as anemia, cancer, or an infection, as well as to assess the current medical
condition of a patient. For example, rising WBC may occur during infection, Hct values
rapidly decline in traumas, and Plt values may drop significantly during chemotherapy
[1]. Currently, the test requires a few teaspoons of blood and an entire hospital lab of
testing equipment. Blood is general taken by a needle placed in a vein in the patient's
arm. The collected sample is then taken to a lab to be tested by a lab technician. Not
only is this a lengthy process, but it can also cause significant discomfort to patients who
dislike needles or the sight of blood. Additionally, a complete blood count can only
perform a small range of tests on a single machine. Testing for additional factors in the
blood requires more machines, which is costly to the hospital, and larger blood samples
from the patient.
At DNA Medicine Institute in Cambridge, MA, I am working with a team of
engineers and scientists to developing a point of care device that can perform a complete
blood count and test for other factors in the blood using only a single capillary (-5[tL) of
blood collected from the patient's fingertip. This device will be about the size of a
graphing calculator and can perform these tests in mere seconds while never leaving the
patient's bedside. The device will be compact enough for use in ambulances, patient
rooms, operating rooms, doctor's offices, the field, and resource-starved settings. Our
device will be able to analyze small amounts of blood from the patient in real-time in
order to enable point-of-care decision making.
The technology used to read the blood samples and interpret results is being
developed by other members of the company. The focus of my work, as well as this
report, is the design and testing of a prototype for the user interface, specifically how a
blood sample is collected and then inserted Into the device. This devices manifests as a
single use component that doubles as both a finger pricking device and a blood collection
device. The entire component must be inserted into the blood testing device in a manner
that closes the fluid loop used to drive blood and reagents through the device without
creating any bubbles at the connection points. This report will also cover the design of
the insertion and release mechanism with which the disposable component interfaces.
1.1 MOTIVATION
Improvements to the current blood testing system would provide great benefits both
to the patients and to the hospital. Because the CBC is such a common test, a change in
procedure, although potentially a logistical hassle, has the potential to make a great
difference to the parties involved. In a hospital with an on-site clinical laboratory, results
to a CBC will take 30 to 60 minutes for a STAT test. The time saved by performing
these tests at the patient's bedside in a single device means that patients will receive
results more quickly and be treated faster. This will allow doctors and nurses to more
effectively take care of patients who need immediate attention. Tests could even be
performed by a nurse in the hospital waiting room and potentially catch the proverbial
time bomb with symptoms that may seem less severe than they are. This device would
also free up the lab resources and technicians so they are available to perform more
complex tests more efficiently and get those results to patients even faster.
Outside of the hospital, a portable device that can perform a complete blood count
would be extremely beneficial to many parties. One interested party is the National
Aeronautics and Space Association (NASA). With the retirement of the space shuttle, it
will be increasingly difficult for NASA to ensure the health of their astronauts on the
space station. In the past, they would use the shuttle to send blood samples from the
astronauts back to earth to be tested. NASA, who is funding part of the research at DNA
Medicine Institute, would like to use our complete blood counting device aboard the
space station in order to periodically verify the health of the astronauts.
Other places where lab testing facilities are not readily available include developing
countries, areas that have recently suffered natural disasters, and unpopulated regions
where adequate hospital facilities are very far away. Even with a relatively small number
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of devices, this point of care device could rapidly test a very large number of people in
developing countries for easily treatable conditions that might otherwise go unnoticed.
The device can also be taken to small villages for a very low cost. Entire villages can be
serviced by a single device and its extremely low cost consumables.
Our device could also be extremely useful in situations where a large number of tests
need to be performed on a regular basis. For example, professional sports associations
could use the device to test athletes prior to each match to ensure the athletes aren't using
any illegal substances. Because the device requires so little blood and the blood is taken
in a less invasive manner, such tests could be very easily implemented without affecting
the athlete's performance.
1.2 SOCIAL AND ETHICAL IMPLICATIONS
Clearly, this device has the potential to help a great many people and significantly
improve patient care around the world. This device could substantially improve the
efficiency of patient care in hospitals, where any small amount of extra time could be
spent saving a life. This device also has the potential to help bring better healthcare to
other parts of the world that can't afford state-of-the-art equipment and first-class medical
facilities. As with any device, we must consider the potential harm that could come from
the device if placed in the wrong hands. If used by those who are not properly trained,
parts of the device could spread disease among patients. This is easily preventable if all
parts that contact the patient are single-use. We also need to consider what the
information the device holds might be used for if placed in the wrong hands. Any piece
of information about a patient's medical history must be kept completely confidential.
Although there are ways in which this device could be misused, it ultimately stands to
greatly benefit patient care.
2 LITERATURE REVIEW
2.1 COMPLETE BLOOD COUNTERS
There are several automated blood counting machines currently in use, including the
Medonic M Series, Beckman Coulter LH series, Sysmex XE-2100, Siemens ADVIA 120
& 2120, the Abbott Cell-Dyn series, and the Mindray BC series. The Medonic M Series
(pictured in Figure 1), can analyze approximately 65 samples per hour manually and 60
samples per hour for the automated version. Using two reagents, a diluent to dilute the
blood sample and a lysing agent to breakdown the cell membranes, the M series can
evaluate up to 20 parameters [2]. In addition to the simple counting of red blood cells,
white blood cells, and platelets, this device can also determine the percentage of red
blood cells given a volume of whole blood, the average size of red blood cells, the
average amount of oxygen-carrying hemoglobin inside a red blood cells, and several
other factors related to the 3 types of cells that are counted. The device is approximately
40cm on each side, but not pictured are the fluids and reagents that must combine with
the blood to perform each test. These take up additional table space in a laboratory.
Other blood counters listed above are of similar size and capabilities. Each machine
costs about $10,000.
Figure 1: Photograph of Medonic M-series cell analyzer system. This is an
automatic loading system. The blue wheel on the left holds vacutainer venous blood
collection tubes.
There are also a great number of compact blood analyzers on the market that either
don't perform a complete blood test or aren't truly portable (Figure 2). The Abaxis
VetScan (a) can perform a CBC with differential in about 10 minutes, but it is only
approved for veterinary use and is not handheld (~6" x 8" x 13"). The QBC STAR (b)
does not perform a detailed count-by-count test like the other devices but instead uses a
centrifugal approach to separate blood into layers and uses the size of these layers to
determine cell count. The device is also 16" x 16", which is portable, but not handheld.
Hemocue (c) makes separate handheld systems for obtaining hemoglobin (HGB) values
and for performing a WBC count. The devices can each complete a test in about 1 min
with blood from either a venous blood draw or a finger stick, but the tests must be
performed separately. The iSTAT (d), another handheld device, can perform a great
number of tests, including hemoglobin and hematocrit measurements but cannot perform
WBC or platelet counts. The mean turnaround time for the iSTAT is 13 minutes, which
is faster than central laboratory tests but not fast enough to provide real-time results at the
patient's bedside. The Chempaq XBC (e) provides results in 2 minutes for WBC, HGB,
and RBC counts, but is only approved for use in Europe and does not test for any other
assays.
*ase
2 "3 - c 4chempaq
Figure 2: Currently available compact blood analyzers. (a) Abaxis VetScan, (b)
QBC STAR, (c) Hemocue Hb system, (d) iSTAT, and (e) Chempaq XBC.
2.2 BLOOD COLLECTION TECHNIQUES
There are two main categories of blood collection techniques, the venous blood draw
and the capillary blood draw. The venous blood draw involves drawing blood directly
from a vein using a needle to puncture the vein wall. Blood is collected in 5mL tubes
like the one shown on the left in Figure 3. Venipuncture requires a significant amount of
training and skill in order to perform properly. The puncture site must be selected based
on the prominence of the patient's veins, giving priority to sites that are less painful to the
patient and less likely to have complications. The median antecubital vein on the inside
of the arm is the preferred puncture site, but the dorsal hand veins are also common. The
angle that the needle is inserted, the depth of the puncture, and the steadiness of the
nurse's hand are all factors that can affect the success of a venous blood draw, as well as
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how much discomfort the patient experiences. Through venipuncture, large amounts of
blood can be collected for testing.
Figure 3: Blood collection process using venipuncture of the median antecubital
vein.
Blood for a capillary blood draw is obtained through a small prick, usually on the
patient's finger. In the past, the prick was performed manually using a lancet: a sharp,
solid needle, Figure 4. This could cause significant patient discomfort, as the nurse
cannot easily control depth or steadiness of the puncture. In order to reduce discomfort,
automatic lancing devices have been developed, where the motion of the lancet is driven
by springs or a cam system. These designs enable the lancet to move more accurately
and at higher speeds. These automatic lancets are also easy to use without training. As
compared to venous blood draw, capillary blood draw results in only a small volume of
blood, at most 200 L.
V
Figure 4: Image of lancet tip (left) and manual lancet device (right).
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2.3 LANCET PAIN STUDIES
Several studies have been performed in order to determine the optimal characteristics
of a lancet in order to minimize patient discomfort. Many different factors can contribute
to lancing pain, including lancet diameter, lancet geometry, lancet surface finish,
penetration depth, force of entry, speed of entry, and accuracy of lancet guidance. For all
experiments by Fruhstorfer [3-8], pain was verbally rated on a 0-10 numerical rating
scale (NRS; 0 = no pain, 10 = extreme pain). Before the experiment, subjects were
trained to rate low pain intensities. Using a mechanical aglometer (Somedic@ Sales,
Sweden), the web between the subject's right index and middle finger was pinched with
increasing pressure until the subject signaled a threshold for pain. Next, stimuli eliciting
pain intensities of 0.5, 1.0, 1.5, 2.0 NRS were presented. The subject was then asked to
rate pain intensity of five mechanical impact stimuli to the left little fingertip by means of
an automatic lancing device equipped with a blunt 0.8mm wire.
In a four part study performed in 1995 by Fruhstorfer et al, several of the factors
attributed to lancet pain were tested. The first part of the study compared six automatic
lancing devices. They found that pain increased with greater penetration depth, thicker
lancets, and inexact lancet guidance [4]. Next, they tested a single lancet at varying
penetration depths from 0.3-1.1mm and found that both pain and blood volume are
linearly related to penetration depth. Only 50% of subjects provided sufficient blood
(>20tl) with <1mm puncture depth [5]. In the third study, a single lancing device was
adjusted for each subject to provide just enough blood (20 tl). In this situation, subjects
reported significantly less pain [3]. In the fourth part of the study, penetration depth was
fixed at 1mm and six lancets with diameters ranging 0.3-0.8mm were tested. All lancets
caused slight pain of a similar intensity, but blood volumes differed considerably and
unsystematically between lancets. Therefore, geometry and quality of the tip have a
greater influence on penetration capacity than the diameter of the lancet. The paper
concludes a longer longitudinal bevel and shorter side bevels ease skin penetration and
therefore reduce pain [6].
Fruhstorfer performed a further study focusing specifically on the relationship
between lancet diameter, lancing pain, and blood volume [7]. This study used lancets of
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0.3, 0.4, and 0.8mm with 0.9 and 1.2mm penetration depth. At a penetration depth of
0.9mm, pain did not vary significantly with the diameter of the lancet. At 1.2mm, pain
varied only slightly with diameter (Figure 5).
1.4-
L.2
1.0
ca 0.8
Z 0.6
9 0.4
0.2
00 48 46 48 29 __21 31
Al B1 C1 A2 B2 C2
Lancet/depth
Figure 5: Average lancing pain for six lancet/depth combinations. Numbers inside
the columns indicate percentage of painless punctures [7]. Columns are labeled A,
B, or C for diameters of 0.3, 0.4, or 0.8mm, respectively, and 1 or 2 for penetration
depths of 0.9 or 1.2mmm, respectively.
This result varies significantly from the Ardent-Nielsen et al article comparing pain
following controlled insertion of needles with different diameters, which concluded that
decreasing needle diameter does indeed decrease pain [9]. These results imply that at the
shallow penetration depths where lancets are used, diameter is not as important as other
factors when minimizing lancing pain. The article concludes that pain is more closely
correlated to penetration depth and size of injury. Figure 6 illustrates how lancet volume
penetrating skin correlates with penetration depth for each diameter lancet. At low
penetration depths, the penetration volume is nearly equal. At high penetration depths,
the volume differs greatly between diameters. This explains why the subjects felt about
the same pain level for all three diameters at low penetration depths, but felt differing
pain at higher penetration depths.
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Figure 6: Lancet volume penetrating skin as a function of penetration depth for
needle diameters of 0.3mm (lower curve), 0.4mm, and 0.8mm (upper curve) [7].
Where small penetration depths are sufficient (for blood collection ~10[d), diameter
of the needle is less important. Yet, where needle diameter doesn't correlate directly to
pain intensity, it does correlate directly to blood volumes obtained, as shown in Figure 7.
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Figure 7: Average blood volumes obtained with the six lancet/depth combinations.
Figures within column give percentage of samples <10 1 [7]. Labeling system is the
same as in Figure 5.
In another study, Fruhstorfer compared six commercial disposable lancing devices
[8]. Although offered at discrete depth settings (such as light, medium, or heavy), each
device can only puncture to 1 preset depth. Two of the devices tested used a trigger
linked button, which was more painful than devices where the lancet and trigger were
independent (i.e. lancet speed is determined by a spring force as opposed to the pressing
of the button). The trigger linked devices can also be reused, which is a safety hazard.
Half of the devices used small blades for puncturing, and the other half used needles.
The blades extracted high blood volume, but also led to a much higher frequency of
residual pain 1 to 2 days after lancing. The paper concludes that blood volume is less
dependent on depth and more dependent on the capability of the needle to penetrate the
skin (i.e. sharpness, speed, and force). As of 2000, none of the disposable lancing
devices tested were good enough at providing a virtually pain free lancing while
extracting the proper amount of blood for a high percentage of patients, despite there
being many reusable lancets for patients with diabetes that cause minimal pain.
In 2009, a new study was performed by Kocher et al comparing Accu-Chek lancing
devices to its competitors [10]. These reusable finger stick devices with adjustable depth
were set to the proper depth to extract >20pl of blood reliably. Patients were ask to
compare devices in sets of 2, declaring whether the competitor's device was more
painful, less painful, or equally painful as the Accu-Chek device. Comparisons were
rated on a scale of -3 to +3, where -3 means the competitor is significantly less painful
than the Accu-Chek. Results showed that the Accu-Chek was most often rated as the
least painful among the devices. More importantly, the study outlines several
characteristics that correlate to lancing pain. Smaller penetration depths were less
painful, as less injury was cause to the tissue during lancing. This is consistent with
Fruhstorfer's observations. Higher lancet speed minimizes tissue movement and
therefore minimizes pain. Additionally, a very sharp end of the lancet facilitates tissue
penetration, therefore minimizing pain. They also observed that a smooth lancet surface
avoids friction with the tissue, further reducing lancing pain. This can be achieved by
coating the lancet in silicone. Finally, lancing systems that use a combination of rail-
guided and cam driven lancets reduce painful vibrations and jolts of the lancet. These
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observations are all consistent with those of Fruhstorfer in his many studies on the
subject.
A lot of work has also been performed related to hypodermic needle insertion
dynamics and tissue damage. These experiments are not directly related to lancet
dynamics because of the extreme depths required with hypodermic needles. For
example, Arendt-Nielson et al concluded in their study comparing pain following
insertion of needles at different diameters that outer needle diameter was positively and
significantly correlated to the frequency of insertion pain [9]. This result varies from
Fruhstorfer, who concluded that lancing pain is not related to lancing diameter at depths
required for ~10tL of blood. Despite this incongruence, studies related to needle
insertion dynamics can still provide valuable information. Mohsen Mahvash has
published several papers studying the dynamics of needle insertion. He uses fracture
mechanics to model the rupture event in needle insertion as a sudden crack extension that
occurs when the release rate of strain energy concentrated at the tip of the crack exceeds
the fracture toughness of the material. From this model, he concludes that rupture
deformation and work asymptotically approach minimum values as needle velocity
increases. In turn, an ideal velocity can be calculated to receive that maximum benefit of
this effect [11]. Combining the ideas in this paper from what has been concluded in the
lancing pain studies, there is an optimal lancet speed that will minimize tissue
deformation and damage and therefore minimize lancing pain.
From the results of these studies, it can be concluded that for the small blood
volumes required for our complete blood count device (10tl), a small penetration depth
with a mid-size diameter will best suit our needs. Additionally, selecting a lancet with a
sharp tip and silicone coating with further reduce lancing pain. With regard to device
design, precise guiding of the lancet at high speeds will further reduce patient discomfort.
3 DEVICE OVERVIEW
This report focuses on three key parts, shown in Figure 8, of the complete blood
count device currently in development at DNA Medicine Institute. The first part is a
single-use lancet device used to puncture the patient's finger tip for capillary blood
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collection. DNA Medicine Institute is developing a lancet device in order to improve
upon existing models and allow for integration with other components. Connected to the
back side of the single-use lancet is the blood collection device, which holds a blood
collection capillary, a reagent capillary, and a chamber for liquid waste. Together, the
single-use lancet and blood collection device make the 'consumable,' the part of our
device that is used only once per patient and then disposed of. The consumable will be
packaged in boxes of several hundred and will look somewhat like the drawing in the
lower right hand corner of Figure 8. The final module discussed in this report is the
consumable loader. The consumable loader is a single component of the complete blood
count device that will be used to analyze blood samples for many patients. This
component receives the consumable and maintains a fluid-tight seal as is required for
blood testing.
Figure 8: Photograph of devices discussed in this thesis. Concept drawing was
provided by Robert Faranda, industrial design consultant for DNA Medicine
Institute.
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4 SINGLE-USE LANCET DEVICE CONCEPT
In order to collect the 5[tL of blood necessary to run a complete blood count with our
device, we plan to use a single-use lancet to prick the patient's finger so that a small
amount of blood can be extracted. Although many lancets are available for purchase,
DNA Medicine Institute would like to be the sole provider of lancets used with our
device. Made cheaply enough, the majority of profits from our product will come from
this device, as customers will continually need to purchase more, and they can be made at
an extremely low cost.
4.1 DESIGN REQUIREMENTS
In order to develop a finger stick device that our users are required to purchase, there
are several design requirements that must be met. The finger stick device should be
integrated with the blood collection device in a way that blood tests cannot be performed
using any finger stick that is not provided by our company. As with any other blood
collection device, we must minimize the discomfort experienced by the patient, while still
maintaining the ability to collect 5±0.1 tL of blood. Because the toughness of a patient's
skin may vary, our finger stick device must be able to puncture at varying depths in order
to ensure that the proper volume of blood can be collected. Because doctors and nurses
are so busy, they would prefer to not have to learn any new techniques, so our device
must be simple to use without training and use very few steps so that the nurses' routines
aren't interrupted. As with other devices that come in contact with patients, this device
must be sterile so as to not spread disease.
4.2 CONCEPT SELECTION
When I arrived at DNA Medicine Institute, a significant amount of work had already
been completed on the design of the finger stick device. Initially, the plan for integration
with the blood collection was to have the needle travel through the blood collection
capillary so that the nurse can perform the finger stick and blood collection without even
moving the device. This proved to be difficult to execute because of the large range of
motion required of the needle in order for it to travel through the capillary. Figure 9
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below illustrates the design from my predecessor, Andrew Bishara. The focus of this
design is to have a very precise movement of the lancet so that the lancet travel distance
can be predicted and controlled. To achieve this, Andrew used a cam design to drive the
motion of the needle. In its initial position, the torsion spring at the bottom is fully
cocked and a pin holds the cam in the position on the far left. When the pin is released,
the torsion spring twists the cam (counterclockwise as seen from above), and the cam
drives the lancet forwards and into the patient's finger. At the top of the cam's range, the
lancet is at full depth, as seen in the middle image. The cam then continues to rotate and
the lancet is allowed to retract back to neutral, as seen in the image on the far right. The
cam is able to precisely control the depth of penetration of the needle. One drawback we
had with this design is that it requires a large finger stick diameter in order to execute.
We are aiming to minimize the diameter in order to integrate the finger sticker with the
blood collection device, which has very strict size limitations. As a bonus, making the
part small also reduces material costs.
Lancet comes out here
Figure 9: Illustrates the use cycle of Andrew Bishara's finger stick design. The
black arrows indication the direction of rotation of the red cam (counterclockwise as
seen from above)
This design also has the potential to be reusable, where only the blood collection and
lancet parts are disposable. In this case, for each test the nurse must insert these parts
into the finger sticker, and remove them when the test is complete. Maintaining sterility
becomes difficult because the device comes in contact with the patient and could be
exposed to bodily fluids on the non-disposable parts. The travel of the lancet through the
capillary also makes varying the depth rather difficult to achieve. We decided that using
a completely disposable device would not only improve the ease of use of the design, but
will also make additional features easier to implement and align more closely with our
business model. We decided to eliminate this design and look for a simpler solution.
In order to find a simple, disposable design, we looked to other disposable finger
stick devices on the market. We focused specifically on the CoaguChek@ by Roche for
its simplistic design with the bare minimum features [12]. Figure 10 illustrates the
operation of this device. The image on the left demonstrates the CoaguChek@ in the
unused position. When the button (2) is pressed, enough force acts on the lancet holder
(5) that the tabs (11) break. Once broken (image on the right), the lancet holder is pushed
forward by the spring (9) into a small, weaker spring (10). This spring fully compresses
so that the lancet is exposed, and then pushes the lancet back out of the patient's finger to
a neutral position, where the lancet is no longer exposed. Since the tabs have now been
broken, this device cannot be reused and is thus disposed of after a single use.
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Figure 10: Image from CoaguChek patent showing finger stick in cocked (Fig. 1)
and final (Fig. 2) positions [12].
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We decided to base our design off of this simple model with a few small changes.
The CoaguChek@ is actuated from a button on the top of the device. This is great
mechanically because the motion is in line with the motion of the lancet, but it is also
uncomfortable for the user. When operating, pushing the button feels like you are
pushing the needle even further into your skin, which is a bit terrifying. We aim to
improve this feature by moving the trigger button to the side of the device. This change
will also make integration with the blood collecting device much simpler, as the blood
collection device can now be located opposite the lancet end of the device.
The CoaguChek@ can only penetrate to a single depth, whereas we want our
device to be able to penetrate at several depths depending on the toughness of the skin.
For example, diabetics who prick their fingers often build calluses and need the lancet to
penetrate up to a depth of 2.5mm, yet this penetration depth on an un-calloused finger
would be very painful. For our device, we chose to make the penetration depth variable.
We explored 2 options for achieving depth variability. One option is to offer a few,
probably 3, discrete sizes of finger sticker, which the nurse can select based on their
evaluation of the patient's finger. The other option is to add a cap to the end of the finger
sticker that moves up and down by rotation so that the nurse can select any depth within a
range of 0.5-2.5mm. This option complicates the manufacture of the device because the
cap must be attached such that it cannot be removed, since in doing so, the needle would
be able to penetrate quite deep. This option also complicates the use procedure, since the
nurse will have to manually set the depth for each patient, whereas with the first option
she can just grab the proper size and proceed. For these reasons, we decided to make 3
discrete sizes of finger sticker to penetrate to 3 different depths.
4.3 FINAL CONCEPT
This device concept consists of 2 springs of different stiffness that drive a lancet
embedded in a small cylinder, which slides inside the device. All major components are
labeled in Figure 11. The 'back spring' opposite the lancet (1) is very stiff and is
compressed when the device is in its loaded position. In this position, the lancet
embedded in a cylinder (4) rests on the edge of a hole in the button (2). All parts are
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aligned by an outer tube (5). In this state, the stiff back spring presses the cylinder
against the button. The depth of puncture can be varied by using different length lancets.
There will be 3 preset lancet lengths from which the user can select the proper depth.
4
2
3
Figure 11: Cross section of final concept for finger sticking device. Device is
currently in the loaded position, prior to use.
Figure 12 shows the use cycle of the device. Item (a) shows the device in the loaded
position described above. In item (b), the button has been pressed. First the tabs holding
the button in place break, which indicates the device has been used. The hole in the
button is now aligned with the inner cavity of the device tube. This allows the lancet
cylinder to travel through the hole in the button, propelled by the back spring. In item
(c), the lancet cylinder has completely compressed the small front spring [3], and the
lancet is exposed to the full penetration depth. The front spring then pushes the lancet
cylinder back inside the device tube such that all springs are uncompressed and the lancet
is completely inside the device, as pictured in item (d). The device can now be disposed
of in a 'sharps' container.
(a) (b) (c) (d)
Figure 12: Illustrates the use cycle of our single use lancet final concept. Item (a)
shows the device in its initial position. Item (b) shows the device after the button has
been pressed and the tabs have been broken. Item (c) shows the lancet at full
penetration. Item (d) shows the device at the end of use.
4.4 MANUFACTURING
In order to manufacture this device at the lowest cost, we are going to injection mold
as many pieces as possible. Of course the springs and lancet cannot be injection molded
because they must be steel. The springs can be purchases in bulk from a company such
as Lee Springs for $0.054/ea for the small front spring and $0.042/ea for the larger back
spring. The lancets can be injection molded directly into their guiding cylinder by one of
several companies that specialize in custom injection molding of lancets. One of these
companies, Allison Medical, can provide both bibevel and tribevel lancets of gauges
varying from 33G to 23G. They can also coat lancets in silicone to decrease the friction
of entry. All of their lancets are sterile, so we don't have to worry about a separate
sterilization step.
Lancet gauges and depths of penetration were selected in order to minimize
discomfort for the most patients. A lancet diameter of 0.4mm with a penetration depth of
0.8mm will produce >10pL of blood for 85% percent of patients, according to the
Fruhstorfer study comparing pain for different lancet diameters and depths of penetration
[7]. By increasing that penetration depth to 1.2mm, 98% of patients will produce >10L
of blood. Based on this information and information regarding similar lancet devices
already commercially available, three sizes were selected for use in our device. These are
summarized in Table 1. To ensure that tolerances are tight enough to prevent the lancet
from contacting the end of tube and not exiting through the exit hole, maximum angular
error between the lancet and encasing cylinder was calculated. For the 26 gauge lancets,
an angular error of <4" is acceptable. For the 23 gauge lancets, an angular error of <10 is
acceptable.
Light 0.4mm 26 1.0mm 3.6mm
Regular 0.4mm 26 1.5mm 4.1mm
Extra 0.8mm 23 2.2mm 4.8mm
Table 1: Summarizes lancet sizing information.
For the rest of the parts, we want to make the molds as simple as possible so that the
molds are inexpensive. The button and back cap (in green) can all be made from 2-part
molds with a single cavity and core. The tube part (in red) is not as simple to
manufacture. Figure 13 highlights in red an undercut portion that cannot be reached by
the core. With the parting line at the interface of the green and blue in the figure, a side
pull is needed to create the cavity for the button. When this side pull is present, a core
piece cannot reach through the side pull to the front part of the tube, where the front
spring rests. The lip on the front end prevents a core from creating that feature from the
other side.
M
Figure 13: Highlights undercut section of part in red.
In order to simplify the mold for this part and decrease the cost tremendously, we
decided to mold the tube as 2 halves press fit together. Each of these halves can be
molded with a simple 2 part mold. Additionally, this method eliminates the need to have
a back cap, as all the parts can be inserted from the middle button area as long as the
parting line cuts through at the button-hole area, as in Figure 14.
Figure 14: Illustrates 2 part finger stick tube for injection molding purposes. The
halves are press fit together with a great enough pressure for friction to counter the
force of the back spring when fully compressed.
The resulting press fit must be tight enough to hold against the force of the
compressed back spring, which is trying to separate the 2 pieces. The resulting pressures
must also not be higher than the yield stress of the material. The equation:
= E8 do -d d2 -d2 ] (1P s2 22d' do -di
governs the pressure, p, of a given fit when the diameters are as labeled in Figure 15:
Illustrates the relevant dimensions when designing a press fit., d is the nominal shaft
diameter, = dshaft -dhib, and E is the Young's modulus of the material [13]. Knowing
the pressure of the fit, we can now deduce the maximum axial force, F, that can be
applied to the connection without causing separation, based on the frictional force, t, and
contact area, A [14]:
F = /pA (2)
By combining equations (1) and (2) and adding a safety factor, n, we can find an equation
for 9 as a function of geometry, material properties, and the force exerted by the
compressed back spring,
2F I d (3)
np;rdlE d do
where / is the depth of shaft penetration. Using the material properties of injection
molded polypropylene and geometries suitable for our device, we determined a proper 5
to hold the finger stick tube together under the axial force of the spring. This was
achieved using an Excel spreadsheet.
d.
do
Figure 15: Illustrates the relevant dimensions when designing a press fit.
The required fit pressure is fairly straightforward to determine, but it's important to
make sure that the stress of the fit will not cause the plastic to yield. The equation:
'd o2 +d 2  (4)OJt,hub =P "o2 +d2
provides a formula for the tensile stress on the outer hub, where stresses will be highest.
We must ensure that this stress is less than the yield stress for the material, Using an
iterative process, the geometry of the press fit was modified until the stresses were small
enough to avoid yield while still maintaining a high enough pressure to hold the fit. The
best dimensions found correspond to 1 =0.002" and a,hub = 4400Pa, which is smaller
than the yield stress for polypropylene.
As far as materials, I researched common injection mold plastics and looked for
plastics that have the properties we're looking for in our device. All plastics used need to
be easily sterilized and preferably have a history of use in medical devices. For the
button, we want also material with a yield stress similar to its breaking stress so that the
tabs will break easily. Polystyrene, which is also used in disposable cutlery, has a history
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of use in medical devices and a yield stress equal to its breaking stress. It can also be
sterilized post-molding either by irradiation or treatment with ethylene oxide. This seems
like a reasonable choice for the button material and is not too costly. For the other plastic
parts, we want a material with a low frictional coefficient to facilitate sliding of the lancet
cylinder that is preferably not brittle, which would make assembly of the press fit
interface more difficult. For this application, we chose polypropylene, which also has a
history of use in medical devices. Polypropylene can withstand the heat of an autoclave
for sterilization.
The press-fit design was verified by printing the parts using an Objet PolyJet 3D
printing machine. The PolyJet builds three dimensional parts one layer at a time by
jetting a photopolymer layer that is cured by UV light immediately after jetting. The
parts were created with this method to obtain detailed parts quickly at a relatively low
cost. Figure 16 shows the single-use lancet at various stages of assembly. In the
leftmost image, the device is completely disassembled. Parts in this image include two
springs, a lancet, a button, and the two halves of the device body, which press fit
together. The center image shows the device completely assembled and ready for use.
You can tell it has not yet been used because the tabs on the button are unbroken. The
small gap between the two parts of the device body is cause by the uneven surfaces
created in the 3D printing process. This gap will not be present in the injection molded
parts. The final image shows the device connected to the blood collection mechanism.
This will be described in more detail in later sections. The device is currently in a fully
functional form, but further form changes will be made as per the advice of the industrial
design consultant working for our company.
*Figure 16: Shows consumable device at various states of assembly.
5 SINGLE-USE LANCET EXPERIMENTAL TESTING
In order to ensure that our lancet device is ready for market, we want to test
important characteristics to be sure that the device performs to specifications. Because
finger stick pain depends greatly on penetration depth, penetration force, and penetration
velocity, we will focus on these factors. Pain is also dependent on lancet geometry and
material, but these are characteristics that will be ensured by the vendor that provides the
lancets.
5.1 LANCET FORCE AT ExIT
5.1.1 EXPERIMENTAL SETUP
The force of the lancet at onset of penetration was measured using an Omega
LC302-25 load cell with a range of 0-251bs. The finger sticker was held in a repeatable
position by inserting the device in a mill chuck and positioning the larger diameter
portion against the jaws of the chuck. The load cell was placed directly under the finger
sticker and held firmly in place using the mill vice. A photograph of the setup can be
found in Figure 17. A different finger stick device was used for each trial. For 10 trials,
the tip of the finger sticker was placed in direct contact with the load cell. For the next 10
trials, the same devices were reset and positioned with a small gap of approximately
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0.004" between the end of the device and the load cell. A LabVIEW script (written by
coworker Zhizhong Yin) was used to record the data from the load cell through a
National Instruments controller card sampling at 100 kHz.
Figure 17: Photograph of experimental setup with finger stick device held by mill
chuck in direct contact with load cell clamped in a vice.
Prior to assembly of each device, the length of the lancet was measured using
calipers. The device was then assembled and placed in the mill chuck as describe above.
After starting the Lab View script, the button of the finger sticker was pressed. The data
was then examined for a spike in force on the load cell, indicating that the impact of the
lancet was recorded. The peak force reached was recorded as the force at exit. This test
sequence was repeated for twice for each of the 10 finger stick devices, once for each
with the device in contact with the load cell and once for each with a gap between the
device and the load cell.
5.1.2 RESULTS
Data for this experiment was saved by LabVIEW in a text file and analyzed using the
Matlab code found in Appendix A. A typical force time curve for one lancet prick can be
seen in Figure 18, where the end finger stick device was in contact with the load cell for
the duration of the test. Figure 19 zooms in on the region of impact for both setup cases
investigated. In the left image where the device is in contact with the sensor, a second,
smaller spike in force was often observed, as can be seen in the image.
I
8-
7-
6
5
Force vs. Time
II I i I
6
Time [s}
10 12
x 10,
Figure 18: Force versus time curve for a typical lancet strike on the load cell.
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Figure 19: Image on the left zooms in on the impact event for the finger stick device
when in contact with the load cell. The image on the right zooms in on the impact
event for the same finger stick device with a small gap between the end of the device
and load cell.
In the right image, where there is a small gap between the device and the sensor, there is
a long period of oscillations after the impact event that eventually tapers off. The exact
cause of these extra oscillations in force is unknown, but it may be speculated that these
are caused by vibrations internal to the load cell. This would explain why the vibrations
are damped out when the device is kept in contact with the load cell. I believe that the
second peak that we see in the left image is caused when the load cell, which was pushed
away from the end of the device by the lancet, springs back and hits the device with
smaller amplitude than the initial impact event.
Figure 20 shows the maximum force of impact measured for each finger stick
device. The mean, standard deviation, and coefficient of variation of the trials are
recorded on the figure. The figure on the left shows the forces measured when the finger
stick device was in contact with the load cell, and the figure on the right shows the forces
measured when there was a small gap between the finger stick device and the load cell.
The red dot in the left figure indicates the force measured for the Roche CoaguChek@.
This force is in the same range as the force for our device. In both test conditions, there
is a significant amount of variability in force. One probable cause for this variability is
that the force was only sampled at 100 kHz, but the lancet is traveling at around 11 m/s
kapact Event Contact Sensair kmpact Event Gap to Senso
(see section 5.3.3). At this velocity, only two sample points will be taken during the
impact event. As a result, the force is most likely measured at points just before and just
after the maximum force is reached. Another explanation for variability in measured
force is the variability in the manufacture of the devices, which will cause varying
amounts of friction applied to the lancet/plunger assembly.
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Figure 20: Maximum force of impact for each finger stick device in each of the two
setup conditions.
5.2 DEPTH OF NEEDLE PENETRATION
5.2.1 EXPERIMENTAL SETUP
Depth of needle penetration was determined using an NAC model color high speed
video camera. The finger stick device was held in a small vice and backlit by shining
light onto a white piece of paper positioned behind the device. Video then was taken of
the finger stick device pricking motion at 50,000 frames/sec and relevant sections were
saved in AVI format. A 1/16" slot was milled into the front end of the finger stick device
in order to provide visibility of the lancet for a greater portion of its travel. Figure 21
shows a screenshot taken of the video when the lancet is at the end of its travel. The
spring in front is fully compressed. The tip of the lancet is not sharp because the lancet
had been used in prior experiments where the lancet was set off on a steel plate. Video
was taken for one lancet event for each of 10 lancets. Video was also taken for the Roche
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CoaguChek@ lancet so as to compare penetration depth and lancet exit velocity between
the devices. Figure 22 and Figure 23 show a sequence of frames taken from the high
speed video. A video of all lancets can be found at http://www.vimeo.com/17332024
(password: zimmDMIthesis2O 10).
Figure 21: Screenshot from high speed video of lancet during finger stick event.
Figure 22: Sequence of frames from high speed video of DMI finger stick operation.
Figure 23: Sequence of frames from high speed video of Roche finger stick
operation.
5.2.2 RESULTS
Using Vernier Logger Pro software, the position of the lancet tip with respect to the
end of the plastic part of the device was recorded. The diameter of the lancet was used as
a reference to scale the position of the lancet properly. Figure 24 shows the results of the
penetration depth analysis. The mean, standard deviation, and coefficient of variation of
the trials are recorded in the figure. The circles indicate the depth values measured in the
high speed video for each device. The blue squares indicate the predicted depth of our
device based on the measurement of the lancet length and other dimensions prior to
assembly of the lancet. The red square indicates the depth value listed on the
CoaguChek@ box.
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Figure 24: Shows actual and predicted lancet depth for each
Medicine Institute's finger stick device and 1 trial of the Roche C
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Figure 25: Shows measured versus estimated depth of lancet.
where estimated value equals measured value.
)f 10 trials of DNA
oaguChek@.
5
x 10o1
Red line indicates
x5r
In most cases, the actual and predicted values are very similar. Figure 25 shows the
measured versus estimated depth of lancet penetration. If measured depth were as
estimated, the points would lie on the red line. Points lie fairly close to the red line, with
the exception of the circled points. Discrepancies are most likely a result of inaccuracies
both in the measurement of the lancet and in the video analysis. Due to motion blur, the
end of the lancet was often difficult to see and even harder to click onto exactly with a
mouse. The 2 points with the largest discrepancies are devices 7 and 8, circled in Figure
25. From watching the video, it can be seen that the lancet in device number 7 was not
concentric enough with the driving cylinder, causing the lancet to be slowed down inside
the device. In device 8, the video shows the lancet breaking free of the glue holding it
into the driving cylinder, thus explaining the much greater penetration depth observed. In
the final manufactured device, the lancets will be injection molded directly into the
plastic driving cylinder; therefore, the concentricity and integrity of the lancet fit will not
be an issue. All lancets will also be the same length, so depth with be much less variable.
5.3 LANCET VELOCITY AT EXIT
5.3.1 EXPERIMENTAL SETUP
Velocity of the lancet when first exiting the device was measured using the same
videos that were recorded to determine penetration depth.
5.3.2 THEORETICAL VELOCITY MODEL
The lancet/plunger assembly can be modeled as a cylinder moving through a tube
with a frictional force acting on the cylinder in the direction opposite motion. The
frictional force changes depending on the location of the cylinder within the device. In
order to determine these frictional forces, the motion of the lancet was divided into 3
stages, governed by the 3 equations below.
1 2 1
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In the first stage, the large back spring accelerates the cylinder forward from an
initial velocity of zero. The initial energy stored in the spring is determined by the spring
constant, kbackspring, and the displacement of the spring, XbackSpring. The energy when the
spring is fully uncompressed is equal to the kinetic energy of the lancet/plunger minus the
work done by friction, Ff, * XbackSpring. The kinetic energy is governed by the velocity at
this time, v1, and the mass of the lancet/plunger, mpl,,,,ge,. The velocity, v1 , is estimated
by averaging the measured velocities at this point over the 10 trials. From this
information, the force of friction for this section can be determined. Similar methods
were used to develop equations for the frictional force in the other 2 sections. Unknown
velocities were estimated based off measured values. From these equations, I found
Ff,(1) = 2.9N, Ff,(2) = 0.33N, and Ff, (3) = 0.009N. The high frictional force in the first
section is most likely caused by the cylinder passing through the button, which will not
be perfectly aligned with the rest of the device.
The frictional forces in each section were used to model the velocity profile over the
finger stick event. Using Matlab to model small changes in position and assuming
velocity stays constant over these intervals, the change in energy for each time interval
was modeled. From this information, the total energy was calculated and used to find the
velocity profile of the lancet/plunger assembly. Details of the Matlab script can be found
in Appendix B. The velocity profile for a 1.4mm puncture depth is shown in Figure 26,
where the lancet exits the device at x = 0. The sharp slope change is due to the boundary
between sections where frictional force was determined. In the actual device, this
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transition is smoother. The sharp drop in velocity at the end is where the lancet/plunger
hits the end of the device and comes to a stop before retracting back into the device.
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Figure 26: Theoretical velocity profile for lancet in single-use device.
5.3.3 RESULTS
Velocity information for each frame in the high speed video was determined using
Vernier Logger Pro software. The program uses information about position and time
between frames to approximate the velocity for each data point. Figure 27 shows a
typical Logger Pro plot for the velocity of the lancet as a function of position. The points
to the left of the origin vary a bit because the needle was hard to see behind the front
spring. There are also a few small gaps where the needle could not be seen either
because it was behind the spring or because it was covered by the device (just before
exit).
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Figure 27: Plots velocity versus position of the lancet at different frames from a
high speed video taken at 50,000 frames per second.
The first data point to the right of the origin (for positive x velocity) was recorded as
the velocity at exit, as determined by a Matlab script that can be found in Appendix B. In
Figure 28, the exit velocity for each device was plotted alongside the exit velocity
predicted by the velocity model. The mean, standard deviation, and coefficient of
variance of the trials are recorded in the figure. The circles indicate the exit velocities
measured in the high speed video for each device. The blue squares indicate the
predicted exit velocity of our device based on the velocity model described in section
5.3.2.
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Figure 28: Shows measured and predicted lancet exit velocity for each of 10 trials of
DNA Medicine Institute's finger stick device and 1 trial of the Roche CoaguChek@.
For many of the trials, the measured and predicted exit velocities are very similar.
Others vary by up to 5 m/s. This variability is most likely due to variability in the
manufacture of the devices. For example, device 7 had a measured exit velocity much
lower than predicted. This discrepancy was caused by the inaccurate assembly of the
lancet described earlier. Other devices may have had higher or lower than average
friction coefficients due to variability in the size of the devices, as some level of filing
was required to make each device functional. Also, it is possible that the clamping force
holding the lancet in place deformed the back cavity of the device, adding friction to the
motion in that section for devices that were clamped too tightly. The velocity of the
CoaguChek@ device was much lower than that of our device.
5.4 DIscusSION AND IMPLICATIONS OF DATA
Although a great amount of variability still exists in our devices, the experiments
performed have provided a lot of useful information regarding our device. The force data
shows that our device punctures with a force on the same order of magnitude as the
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Roche CoaguChek@ and thus will be able to puncture skins of similar toughness. From
the depth data and the accompanying high speed video, we were able to see that the
energy stored in the large back spring is enough to overcome friction and drive the lancet
to compress the small front spring fully. This information allows us to properly spec the
lancet length for our desired penetration depth.
The information gleaned from the velocity data is the most telling. Our device had
an exit velocity much higher than that of the Roche CoaguChek@. As explained earlier,
faster needle velocities greatly reduce pain levels. Because the lancet in our device
moves so quickly, the pain level felt by our users will be greatly reduced as compared to
those using the CoaguChek@. Another pain reducing factor is the straightness at which
the needle penetrates the skin. While observing the high speed video, a great deal of
angular displacement of the CoaguChek@ needle during the retraction phase was noted.
Because our device retracts much faster, this angular displacement was not as prevalent;
this is another reason that our device will be less painful than its competitor.
6 CAPILLARY LOADER DEVICE CONCEPT
In order to integrate the collected blood (the consumable) with the blood analysis
hardware, our device must include a mechanism for receiving and ejecting the blood
samples. This is the purpose of the capillary loading device. Although my research does
not focus on the actual blood analysis hardware, it is important to understand a bit of this
process in order to appreciate the design choices made for the capillary loader and
consumable design. After a nurse or other user sticks the patient's finger with the lancet
device outlined in Section 3, they will collect the blood in a capillary tube that is
integrated with the consumable device. For simplicity, the single-use lancet and blood
collection are integrated into one consumable device. The consumable is then inserted
into the handheld blood analysis device. Once inside the device, saline is used to push
the blood sample out of the consumable. During the process, the blood mixes with
various reagents that allow the device to distinguish between different types of cells and
detect other assays. The blood/reagent mixture is then diluted with saline and the flow is
focused such that only one cell passes through the detection channel at a given time. The
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device then uses lasers and fluorescence to analyze each cell that passes by, divulging a
great deal of information about the patient's blood.
6.1 DESIGN REQUIREMENTS
There are several features that the capillary loader and consumable must have for the
device to successfully integrate with the blood analysis hardware. The consumable must
be capable of holding the 5[tL of blood necessary for each test, the different reagents that
mix with the blood to test different factors, and the waste byproduct of the test so that
there is not a buildup of saline in the device. For the fluid to flow through the device and
consumable without leakage, there must be a watertight seal both where the blood
capillary and where the waste container interface with the loader. The system must also
be capable of undergoing a saline rinse, where all tubing is flushed with saline. This
process, called 'priming,' is necessary both for cleaning the chip and for minimizing
bubble formation by creating a fluid bubble at the spot where the capillary and loader
interface.
Less critical, but still important to the company, is that all of these parts be injection
moldable in order to minimize cost and ease mass production. Also, the consumable
must be able to integrate these capabilities with the single-use lancet in order to minimize
the number of disposable parts the user needs to handle. We also want the testing device
to be handheld, which puts a size limit on the loader dimensions. The loader must fit into
a 1.25"xl.25"x0.5" volume. The 1.25" length dimension is less critical because the
device will be wider than 1.25", allowing us to expand into that space.
Because nurses and doctors are often very busy, pressed for time, and usually even
thinking about several things at once, we need to make this device as simple to use as
possible and ensure that a mistake will not result in a false test result. Ease of operation
will also make the device more accessible to users outside of the hospital setting, where
they have less training. Through focus groups with nurses in the Boston area, we have
set several more requirements for the loading device in order to satisfy the wants and
needs of the nurses using the device. One thing nurses are very concerned about is
infection. They want to make sure that any bacteria from a patient's blood that may get
48
on the device can be cleaned off. Thus, the interface between the consumable and the
loader must be cleanable. Also to prevent the spread of infection, the nurses would like
the consumable to eject into the trash can without the nurse needing to touch the
consumable. The nurses also want to be able to load the consumable into the device
without having to put much thought into how the consumable should be oriented,
therefore the consumable must only load in a single, obvious orientation. In terms of
operation of the device, the nurses would prefer if the loading and ejection could both be
performed with one hand, so that the other hand can be used to hold the device. They
would also like to hear or feel a 'click' upon insertion of the consumable so that they
know for sure that the consumable has been loaded properly. They also require that the
consumable be locked into the device until the eject buttons are pressed, so that the
consumable doesn't accidentally fall out during the test or at an unexpected time where
the contents of the consumable might spill and create a biohazard. For ease of
readability, the complete list of functional requirements is summarized below in Table 2.
__ t_ _mer_.. Plority
1 Size: 1.25"xL.25"x0.5" DMI High
2 One-handed operation User High
3 System can be primed DMI Critical
4 Seal onto capillaries at interface DMI Critical
5 Clean insertion face User Critical
6 Eject without touching consumable User High
7 Injection moldable DMI High
8 Click on insert User Medium
9 Easy consumable alignment User Medium
10 Lock consumable until eject button pressed User High
11 Eliminate possibility of faulty results Both High
12 505 pL waste chamber DMI Critical
13 Holds 10 p'L blood plus reagents DMI Critical
Table 2: Summarizes design requirements, who specified each requirement, and the
priority level of each requirement.
The complete use cycle of the device for each test is illustrated in Figure 29. A
video of the use cycle can be found at http://www.vimeo.com/17332284 (password:
zimmDMIthesis2OlO). The process starts in the top left, where the nurse or other user
cleans the device. By following the green arrows, you can see the intended use cycle for
the device. Because nurses and doctors are very busy and may be forgetful, the device
must also still work if the red arrows are followed.
Figure 29: Illustrates the use cycle of the consumable and consumable loader.
Along the green arrows is the preferred use cycle for the device. Red arrows
indicate possible alternate pathways.
6.2 CONCEPT SELECTION
The design parameters outlined in the previous section can be met in several
different ways; therefore many different concepts were outlined and considered before
making the final concept selection. When I arrived at DNA Medicine Institute, an initial
concept for the consumable loader had already been designed and built. This loader,
pictured in Figure 30, consists of the consumable (shown in green) and a slider that
slides along two parallel rods (following the red arrows). The capillary ends are inserted
into an o-ring on each side. This device requires two hands to load and can only hold a
single capillary, the blood capillary, with no room for reagents. This device also requires
the user to remove the consumable by hand to place in the trash. Despite these
drawbacks, the device does a great job aligning the consumable, with the two parallel
rods that ensure that the capillary is aligned with the seals into which it inserts. It is also
very easy to flush the system with saline. In the absence of the consumable, a sealed
fluid pathway is created between the o-rings on either side of where the consumable
would be.
CONSUMABLE
O-ring
LOADER Open w/ one hand, load w/ other
Sooe Open and put Into trash
Releaseandletseal
Figure 30: Initial concept for consumable loader design. Red arrows indicate
motion of center slider, resisted by a compression spring.
My task was to modify this initial device concept in order to meet the design
requirements outlined in the previous section. Several concepts were considered and
evaluated according to the criteria above. After describing each of these concepts
individually, I will compare the concepts based on the design requirements and explain
how the final concept was chosen.
Concept A is a modification of the initial design concept where the opening and
closing of the clamping sides is driven by the insertion of the part. Figure 31 shows a
solid model of concept A, where the consumable is green. As can be seen in the image, a
pointed insertion tip is used to guide the consumable into the loader. This tip must
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extend beyond the body of the consumable to allow the loader to open beyond the
capillaries and close onto them. In order to align the consumable such that both
capillaries interface with the device, kinematic principles were used [14]. A round
feature on the right side of the consumable sits in a v-groove feature on the loader, and a
pointed feature on the consumable constrains rotation by resting on the flat surface of the
loader. On the right side of the consumable is a recess for waste collection. The top end
of the consumable contains a hollow tube for integration with the single use lancet
device. When the consumable is not in the loader, a sealed fluid pathway is created
between the o-rings on either side of where the consumable would be, as in the original
concept. Ejection of the consumable still requires two hands. The surface where the
capillaries are inserted can only be cleaned by opening the device with two hands, just
like in the original concept, which is not ideal. Many problems from the original concept
are solved here, but this concept still does not meet all the design requirements.
Holes for capillaries Integration with
finger sticker
Insertipn guides
Waste chamber
Figure 31: Concept A for consumable and consumable loader design.
Concept B involves a completely different insertion method. The goal of this design
was to find a method for inserting the consumable without having to open the loader
beyond the capillaries in order to create clearance. Figure 32 shows a solid model of this
concept, as well as some sketches of the loader at various stages in the use cycle. The
consumable is highlighted in green. In this concept, the capillaries are oriented vertically.
When the capillaries are inserted into the base of the loader, holes in the side of the
consumable, which are connected to the capillaries, align with holes in the loader in order
for fluid to flow through the device. In this design, an extra part must be added in order
to close the fluid pathway when the consumable is not present, which is required for
priming the system. This part is called the 'dummy consumable.' In the neutral position,
fluid flows through the dummy in order to prime the system. When the consumable is
inserted, the dummy is pushed to the side and the consumable closes the fluid pathway.
The geometry is selected such that the force of the consumable (to the left in the picture)
pushes the consumable out. The consumable is held in by a locked feature at the top.
When this feature is pulled back, the dummy consumable pushes the consumable out.
PRIME POSITION
Locking door INSERTION
Fluid flow
toprime
Dumycnsumable insert consumable,
RUN TEST door slides over
EJECT
through~
capillarles Consumable lock in, PUN locldng door rigt, dummy
perfrmtest pushes consumable out
Figure 32: Concept B for consumable and consumable loader design.
This design allows for one handed use in all stages, from insertion to ejection of the
consumable. On the other hand, there is no way to clean the surface of the loader that
interfaces with the capillaries. This is unacceptable. Because the consumable is guided
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by a track, it is very easy to align. This concept has several geometric difficulties. The
insertion angles require a vertical component of forces on the dummy consumable when
we want purely horizontal motion. This force leads to jamming of the dummy
consumable. Also, in order to have a proper fluid seal, sliding against o-rings is
inevitable in this concept and leads to added friction between parts.
Concept C is aimed to fix the geometric issues that arose in concept B. A solid
model and sketches of this concept are illustrated in Figure 33, where the consumable is
highlighted in green. This design still uses a dummy consumable to close the fluid path
when no consumable is present. The dummy is held between two blocks that are
restricted to only move horizontally. When the consumable is inserted, the dummy
moves down on a guided path until it passes below the edge of the blocks, at which point
the blocks can close onto the capillaries that are oriented horizontally. When the blocks
are separated, the dummy is free to move upwards, pushing the consumable out of the
loader and into a waste container.
Dummy consumable Consumable
Insertconsumable, horzontal
sildercioseson capillaries
TOP VIEW
Pull open sliders,
consumable pops out,
dummy returns to starting
position
Figure 33: Concept C for consumable and consumable loader design.
This concept does address some of the geometric issues from concept B, but has
many other shortcomings. The surface that the capillaries connect to is never exposed and
thus cannot be cleaned. Also, the buttons used to eject the device make the device too
large in the width dimension (constrained to less than 0.5"), which will not fit in the
space allotted to this mechanism. On the other hand, the concept does a very good job
meeting the single-handed operation requirement. The consumable can be loaded and
ejected very easily with one hand, and the consumable locks into place very well until the
buttons are pressed for ejection.
Concept D takes the loader design in a different direction. Initially, capillaries in a
u-shape were ruled out because they are expensive to manufacture. They are beneficial
in our case because you can put blood in one side and store the reagents in the other.
Concept D, which is pictured in Figure 34 with the consumable in green, incorporates an
effectively u-shaped capillary by making the consumable in three parts. One part holds
two capillaries. Another part provides a channel between the two capillaries. These two
parts are then inserted together into the main body of the consumable, creating an
effectively u-shaped capillary. This concept utilizes a simple push-push mechanism, like
in a retractable pen. In the neutral position, the dummy consumable is aligned with the
fluid pathway. The surface where the capillaries connect is exposed to the air and can
thus be cleaned. When the consumable is inserted into the dummy, a different fluid
pathway within the dummy aligns with the fluid pathway (seen clearly in the two
drawings below). When the test is complete, the user pushes down and the push-push
mechanism extends to eject the consumable.
Dumnmyconsumable
Clean and prime Load consumble
and run test
Figure 34: Concept D for consumable and consumable loader design.
This concept was very attractive to the company. It is very compact and simple to
manufacture. The only design requirement set by DNA Medicine Institute that isn't quite
met is that the fluid pathway through the dummy consumable that connects to the
consumable cannot be primed. When taken to the focus groups, this concept was not
nearly as popular. Pushing the consumable to eject requires more contact with the
consumable than the nurses would like. It also does not pop out easily, as they would
prefer it to do. The consumable also does not lock in, which was concerning to the
nurses who were worried that removal of the consumable could result in faulty test
outcomes.
Concept E is another design implementation using an effectively u-shape capillary in
the consumable. The loading surface in this design has a hinged cover that when closed
creates a fluid circuit for priming the device, as in the center image in Figure 35. When
opened, the loading surface is exposed for either cleaning of the loading interface or
loading of the consumable. When the test is complete, the consumable is removed by the
user. The loading surface can then be cleaned or covered to prevent spread of infection.
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Open to clean Close toprime Open and insert
consumable to run test
Figure 35: Concept E for consumable and consumable loader design.
This concept is very compact and simple from a design perspective. A large portion
of the cost of the device is eliminated by eliminating all of the springs from the design.
The system is very easily cleaned and primed. Most of the drawbacks of this design
come from the user's perspective. Opening the hinge while also holding the consumable
with the same hand could be tricky. It may also be difficult to tell if the consumable is
fully inserted into the device, since this design does not have a mechanism to lock the
consumable in. This design also does not have an eject feature, although it is possible
that one could be incorporated. The hinge design could also be troublesome because
hinged parts are likely to break off. One of our biggest concerns with this design is that
the loader is in the same position for both the cleaning and loading phase. With this
setup, the user could prime the device and then clean it before loading the consumable.
This could produce a false result, since the device must be primed directly before the
consumable is loaded.
Concept F attempts to address the use cycle concerns from concept E by having
different configurations of the loading surface for the clean position and the load position,
as shown in Figure 36. The loading surface consists of two flat surfaces that are hinged
together with a torsion spring holding them such that their surfaces align to create one flat
surface. In the start position, these surfaces are drawn into the device such that they seal
together to make a pathway for fluid from one side to the other. When buttons on the
side are fully pressed, the surfaces are pushed out of the device, and the torsion spring
opens them so that they are fully exposed for cleaning. Release of the buttons draws the
surfaces back into the device to the neutral position, where the system is now ready to be
primed. After the system is primed, the buttons are pressed halfway, such that the
loading surface remains partially inside the device, resting on an angled surface (as in the
lower middle image in Figure 36. The device is now ready to receive the consumable,
which has an effectively u-shaped capillary as in the previous couple designs. When the
test is complete, the buttons are fully compressed such that the loading surface opens and
ejects the consumable. The buttons used would have two discrete stages of different
stiffness so that it is easy to distinguish between pressing the buttons for cleaning/ejection
and pressing the buttons for loading. As an alternative to the buttons, a cam mechanism
(pictured on the right hand side of Figure 37) could also be used such that each press of a
button puts the hinge connecting the loader surfaces at a certain height, thus determining
its position. This way, the device would automatically go to the load position after
priming and not allow the device to be cleaned.
START CLEAN
Rest paitan LOAD en position: -pressbuton to prime
-remdtodemn- EJ CT
PRIME
PrimeKposion .oding Position Eeost n
-Fig res nI -press star -pestoeleci-
Figure 36: Concept F for consumable and consumable loader design.
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Concept F is definitely complicated from a design standpoint, and it will be difficult
to fit the device within size constraints. Loading the consumable with the surfaces on an
angle may prove quite difficult because the capillaries won't align with the o-rings. The
pin connecting the surface also needs to be driven through a very large range of positions,
which might not be possible with a cam. Besides the design complications, this design
meets the design requirements fairly well. It can be operated with one hand. The loading
surface can be cleaned and primed. The consumable can also be locked into the device
and then ejected without contacting the consumable. If the cam can be implemented
well, it will be very difficult for the user to make a mistake in process order. On the other
hand, if the user forgets to clean the device and wants to get back to that position, they
would have to click the button at least 4 times, which could be very annoying for the
user.
Concept G is another attempt to control the user sequence to eliminate the likelihood
of process errors on the part of the user. Essentially, this concept is a modification of the
original concept where the separation of the sliding surfaces is controlled by a cam.
Figure 37 shows the use cycle of the mechanism. In its initial state, the two surfaces are
touching so that they cannot be cleaned and no consumable can be inserted. When the
button is pressed, the cam rotates 600 and drives the opening of the loading surfaces just
enough to clean the surfaces but not load the consumable. After the surface is cleaned, a
press of the button closes the sides so that the device can be primed. Another button
press opens the device enough to load to consumable. Yet another press clamps the sides
onto the consumable and locks the consumable into the device. After the test is run, a
final button press will open the sides even further than the loading position such that
ejector pins can push the capillaries out of the loader walls. If held over the trash can, the
consumable can be dropped in without contacting the user. It is possible that we can
prevent the button from compressing until certain conditions have been met. For
example, the button could not be pressed to get to the loading position until the device
has been primed. This could further prevent user error. Additionally, the screen will tell
the user what to do at each step.
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Figure 37: Concept G for consumable and consumable loader design.
Although the cam mechanism will be difficult to implement, the rest of this design is
very straightforward. Unlike concept F, the cam for this concept doesn't need nearly as
much radial variation. Unfortunately, the problem still exists that if a step is skipped, the
user will have to step through all states before returning again to the one they want. It is
also very easy for the user to clean the device when in the load position, even if the
screen says, "Do Not Clean." Again, the system does a good job meeting the design
requirements. The system can be operated with one hand and is easily primed and
cleaned. The consumable seals onto the interface, is locked into the device, and can be
ejected into the trashcan without contacting the user. This design has also essentially
already been tested with the rHEALTH device, since it has been implemented in a
simpler form.
Concept H is a variation of concept D, while also working to prevent user error and
address some of the other issues with that design. In the neutral position (top left of
Figure 38), the loading surface sits just below the outer surface of the device. In this
position, the device cannot be cleaned. When the buttons are pressed, the loading surface
is driven upwards and exposed so that is it very easy to clean. Release of the buttons
brings the loading surface back to the neutral position. In the neutral position, the device
can be primed by squirting the fluid out of the device. Nurses commonly do this with a
syringe prior to injection, so this should not be a problem. After the device is primed, it
is ready to receive the consumable. Using a photodiode, we can easily determine whether
the buttons are pressed, which would be necessary for cleaning the loading surface. If the
buttons are pressed, the device will assume the surface has been cleaned and require
priming before running the test. When the consumable is inserted, the loading surface
moves down until the pointed extension of the linkage that drives the loading surface
motion locks onto the consumable. After the test is complete, pressing the buttons will
push the consumable out of the device and into the trash can.
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Figure 38: Concept H for consumable and consumable loader design.
This concept meets all of the parameters met by concept D, in addition to several
others. The consumable locks into the device and is pushed out easily by the buttons so
that the user doesn't have to touch the consumable after the test. This design does a great
job preventing user error by making the cleaning surface only accessible by pressing
buttons. Also, by having a single button control all motions of the device, the process is
very easy to learn. This device still has a priming issue, as in concept D. If the hospitals
allow, one solution is to just squirt the fluid into the air. All blood should already be
pushed out of the system from the last test, so only saline would squirt out. Another
solution is to control the pressure of the saline such that it flows just until it exists the
tubing at the loading surface, creating a dome of fluid at that interface.
As can be seen above, several very different designs have been considered for the
consumable and consumable loader device. Most meet a large number of the design
requirements, but not all. In Table 3, a Pugh chart was used to quantitatively compare
design options. Each design was rated on how well it meets each criterion. A '1' means
that the design meets that criterion with very high certainty. A '0' means that the design
might meet the criterion, partially meets that criterion, or that particular criterion is not
applicable due to other differences in the design. For example, for the concepts that
cannot be cleaned, there is no chance that the user could clean the device after priming
the device and before loading the consumable. This means that the chance of faulty test
results due to user error is reduced. The design is given a '0' for the "Eliminate
possibility of faulty results" criterion because the issue is not applicable. These designs
lose the points elsewhere when they don't meet the "Clean insertion face" criterion. A '-
1' rating indicates that the concept does not meet the corresponding design criterion.
Size: 1.25"x1.25"x0.5"' High 21 0 1 0 0 1 0 1 1
One-handed operation High 2 -1 1 1 1 1 -1 1 1 1
System can be primed Critical 3 1 1 1 1 -1 1 1 1 1
Seal onto capillaries as
interface Critical 3 1 1 1 1 1 1 1 1 1
Clean insertion face Critical 3 1 -1 -1 -1 1 1 1 1 1
Eject without touching
consumable High 2 -1 -1 1 1 -1 -1 1 1 1
Injection moldable High 2 1 1 1 1 1 1 1 1 1
Click on insert Medium 1 0 1 0 1 1 0 -1 0 1
Easy consumable
alignment Medium 1 1 1 1 1 0 0 1 1 1
Lock consumable until
eject button pressed High 2 1 1 1 0 -1 0 1 1 1
Eliminate possibility of
faulty results High 2 -1 0 0 0 0 -1 0.5 0.5 1
505 ptL waste chamber Critical 3 -1 1 1 1 1 1 1 1 1
Holds 10 IL blood plus
reagents Critical 3 -1 1 1 1 1 1 1 1 1
Table 3: Summarizes how well each design concept meets the design requirements.
Scores are weighted based on the priority of the requirement.
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Each criterion is weighted based on its priority level. Critical requirements are worth 3
points, high priority requirements are worth 2 points, and medium priority requirements
are worth 1 point. The rating value is multiplied by the weight for each criterion; then all
categories are summed to obtain an overall score for each device. These values are
visualized in a bar chart in Figure 39, where the red horizontal line indicates the
maximum score that can be awarded for a particular design.
Initial A B C D E F G H
Concept
Figure 39: Summarizes the results of Pugh chart comparing design concepts. Red
line indicates maximum number of possible points to be awarded.
Several designs have very high scores, such as concepts B, F, G and H, but only H
meets all of the design requirements completely. Concept H is also a fairly
straightforward design and has a very simple use cycle. Having one button that controls
all actions while preventing operational error is extremely useful, but what really sets this
design apart from concepts F and G is that it's very easy to go back a step if the user
forgot to do something. In concepts F and G, the user needs to cycle through all of the
stages in the use cycle before return to the step he wants to repeat. Concept H allows the
user to clean the device again if necessary and then jump right back into the use cycle by
priming the device again. For these reasons, we have selected concept H as the final
concept for the consumable and consumable loading mechanism.
6.3 FINAL CONCEPT
The final device concept is labeled in detail in Figure 40, and a cross-sectional view
of the use cycle of the device is pictured in Figure 41. In the neutral position, (a), the
linkages (3) rest against the moving insert (2). When the buttons (4) are pressed, the
linkages drive the insert driving pin (5) upwards in the insert travel slot (8). At first,
motion of the buttons does not move the insert, as the pin slides from the bottom to the
top of the slot. Once the pin reaches the top of the insert travel slot, motion of the buttons
drives insert upwards until the guides on the moving insert reach the top of the vertical
guide track (7). The device has reached this position in part (b) of Figure 41. In this
position, the loading surface is fully exposed to allow for cleaning. Once cleaning is
complete, release of the buttons drives the insert back inside the device, as seen in part (c)
and (d) of Figure 41. When the consumable is inserted, it connects with the insert and
drives the insert downwards. The buttons do not move, as the insert moves relative to the
insert driving pin (part (e) of Figure 41). When the consumable is fully inserted, the
linkage lock feature (1) on the linkage falls into a slot on the consumable, as seen in part
(f) of Figure 41. This holds the consumable in place until the buttons are pressed,
driving the insert upwards and the consumable into a waste container.
1 2
(1) Linkage lock feature
(2) Moving insert
(3) Linkage
(4) Button
(5) Insert driving pin 4
(6) Horizontal guide track
(7) Vertical guide track
(8) Insert travel slot
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Figure 40: Detailed diagram labeling features of consumable loader device.
(a) (b)
(c) (d)
(e) (f)
Figure 41: Cross-sectional view detailing the stages of the consumable loader use
cycle. The neutral position is pictured in (a) and (d). Clean position is pictured in
(b). An intermediate step between clean position and neutral is shown in (c). In (e),
the insertion of the consumable is pictured. The consumable in the locked position
is illustrated in (f).
The buttons are kept uncompressed by an extension spring connecting the insert
driving pin to the base of the device. This downward force acts to increase the angle
between the linkages and push the buttons outwards. A compression spring around the
__M
extension spring acts to hold the insert in place until the consumable is inserted. This
compression spring also provides an upward force on the insert against the locking
feature of the linkage, helping hold the consumable in. When the buttons are pressed for
ejection, this compression spring also helps push the insert and the consumable upwards
and out of the device.
Figure 42 illustrates the interface between the consumable and the consumable
loader in greater detail. As described earlier, the consumable has two capillaries that are
connected via a channel inside the consumable. One of these capillaries is for blood
collection and the other is to hold reagents. These capillaries interface with quad o-rings
on the loading surface, as illustrated by the red arrows in the figure. The o-ring seals
around the capillary via radial interference. On the far left in the image of the
consumable is the inlet for waste to flow into the waste chamber. Waste flow follows the
blue arrow into the waste chamber on the opposite side of the consumable. The waste
chamber is pressed against an o-ring on the loading surface, as indicated by the red arrow
in the figure, creating a fluid tight seal. In order to draw liquid into the waste container,
this chamber must not be airtight. The top of the waste container contains a foam layer
that will allow air to exit the waste chamber but keep the liquids inside. When this device
is integrated with the rest of the machine, fluid will flow through the loader, into the
blood capillary, through the consumable, out the reagent capillary, back through the
loader and into the testing component of the device. After traveling through the testing
component of the device, the fluid will travel back through the loader and out into the
waste chamber of the consumable, where it will be disposed of with the rest of the
consumable part.
One problem we have had with this part of the design is that the locking feature falls
into the crack between the consumable and the loading surface before the capillaries have
been completely pressed in. One way this was remedied was by making the locking
feature thicker and flatter, instead of pointed, so that it cannot fall into the crack. The
strength of the compression spring upon which the sliding insert sits was also adjusted to
provide enough resistance to insert the capillaries before the insert begins moving
downwards.
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Figure 42: Illustrates consumable and loader interface in greater detail. Red arrows
indicate connections between parts. Blue arrows indicate the flow of waste into the
waste container.
Because this design uses a horizontal motion of the buttons to drive the insert in a
vertical direction, janmming of the guide rails was a major concern. One measure taken to
reduce the probability of jamming was to apply St. Venant's Principle and ensure that
length of the guide rail on the button that is constrained by the horizontal guide slots is
always at least three times the vertical dimension of the guide rails [14]. The length of
the button guide rail constrained by the guide should also be at least three times the total
width of the button to prevent jamming from forces into and out of the page. We were
unable to meet the requirement in that direction due to size constraints on the device, but
jamming did not occur. More focus was placed on the other direction because of the
vertical forces on the rails due to the extension spring pulling on the linkages. Another
way to minimize jamming is to decrease the angle of the force driving the motion of the
buttons. This is done by minimizing the angle between the linkages when the insert is in
Waste Inlet
I
the clean position and the buttons are fully compressed. The minimum angle, $, can be
found using:
1
tan # < p[2Lg 12Pr (6)
where t is the coefficient of friction between materials, L, is length of the part being
inserted, I is the depth of insertion, and r is half the width of the part [15]. In our design
this angle was found to be ~45", and linkage lengths were chosen to ensure that this angle
is not exceeded. Lubricant is also used in the device in order to minimize friction.
Another concern we have with this design is ensuring that the linkages pull down
hard enough on the consumable to create a fluid tight seal at the consumable-loader
interface. This is achieved by ensuring that the linkage will not fall into the slot on the
consumable until the consumable is close enough to the loading surface to create a seal.
An o-ring on the loading surface provides a connection to the waste port on the
consumable.
6.4 MANUFACTURING
Mass manufacturing of this device will not begin until after all of the other parts
have been designed, which will not happen until summer 2011 at the earliest. I would
still like to present a basic idea of how these parts could be manufactured in high
numbers at a low cost. Figure 43 shows the consumable loader in its disassembled form.
These parts were created using an Objet PolyJet 3D printing machine in order to obtain
detailed parts quickly at a relatively low cost. In the final product, these parts will all be
injection molded. Despite the high startup cost associated with creating molds, these
parts will be extremely low cost.
The casing top, casing base, and linkages can be injection molded very simply using
a two part mold. The other parts are a bit more complicated and require side pulls. For
the sliding insert, side pulls will be used to create the slots. For the buttons, a side pull
will be necessary to create the holes for the pin that connects the buttons to the linkages.
Finally, the casing sides will need side pulls in order to create mating features for the top
and bottom casing parts. Although side pulls add cost to the molds, they are still
relatively low cost compared to other injection molding techniques.
Figure 43: Illustrates consumable loader in disassembled form. These parts were 3D
printed.
In terms of assembly, these parts are currently put together using dowel pins and
small screws. The screws are used in the current model in order to facilitate disassembly,
which will not be necessary in the final model. We plan to add features to the parts such
that they can press fit together or be easily aligned and then plastic welded. In order to
put the pieces together quickly and efficiently, the o-rings and tubing should be attached
to the sliding insert. Next the sliding insert should be connected to the casing base and
linkages via dowel pins. Once this is done, buttons can be easily attached the linkage
using dowel pins. The leftmost image in Figure 44 shows the device at this stage in the
assembly, where the above mentioned parts have been set on top of one side of the
casing. The center image shows the second side of the casing being placed onto the other
parts. The rightmost image shows the casing sides completely assembled. At this stage,
the casing top can be attached. With some practice, this process can be done quickly and
efficiently. Automating this assembly process is something that has not been considered
for this thesis, but will be looked into when our company is ready to begin large-scale
manufacturing.
Figure 44: Illustrates assembly stages of consumable loading device.
7 CAPILLARY LOADER EXPERIMENTAL TESTING
In order to ensure that this capillary loader design will integrate with the blood
sensing technology, the loader must be used to run samples through the rHEALTH
device. Most importantly, we must be sure that the saline running through the device will
pick up blood from the collection capillary and carry it to the rHEALTH detection
apparatus.
7.1 EXPERIMENTAL SET-UP
At this time, the rHEALTH blood sensing device is not ready to detect how well
blood mixes with different reagents. Instead, we used blue dye with a suspension of
fluorescence beads in place of blood. As these beads pass through the rHEALTH
detectors, the fluorescence is detected and recorded. Using saline, the suspension is
pressed out of the "blood" capillary, through the "reagent" capillary, and out of the
consumable loader via tubing. The mixture then continues to flow through our detection
device, which detects when fluorescent beads pass through. If the saline successfully
removes the suspension from the "blood" capillary, the device detects fluorescent beads.
Otherwise, no fluorescence is detected. The fluorescence data output shows the time-of-
flight fluorescence traces representative of photons collected per unit time (photons per
millisecond in our case) as the sample travels through the rHEALTH sensor. The
experimental setup is diagramed in Figure 45.
COMPUTER
Fluorescent
Beads
SALINE
Figure 45: Experimental setup to test mixing between driving blood through
consumable and loader. Saline flows from the saline reservoir on the left, through
the capillary initially containing fluorescent beads and then the empty "reagent"
capillary, next arriving at the rHEALTH detection device, and finally being
discarded.
Saline flow is driven through the system by a miniature air pump and a differential
pressure sensor is used to measure the average differential pressure from the driving
pump over 0.1 second intervals.
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7.2 RESULTS
In Figure 46, you can see the blue dye mixed with fluorescent beads exiting the
consumable loader, circled in yellow. At this point, the dye is still very concentrated. As
the dye travels through the tubing, it becomes more dilute before reaching the rHEALTH
detection apparatus, making single particle detection possible. Figure 47 shows the
fluorescence data output (top) and differential pressure data (bottom) for the sample.
Figure 46: Photograph taken during fluorescent bead testing of consumable loader.
Dye mixed with fluorescent beads can be seen exiting the consumable loader, circled
in yellow.
Figure 47: Sample rHEALTH fluorescence (top) and differential pressure (bottom)
data.
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In general, samples take two to three minutes to reach the detector as a result of the
long tubing used on the rHEALTH test rig. This delay is not a function of the loader but
is a function of the test rig constraints. Signal-to-noise ratio (SNR) and peak counts were
analyzed over the period in which the majority of samples arrived at the detector, 145 to
205 seconds. The "threshold" value for separating peaks from background noise was
x-B
determined by fitting a Gaussian of the form Ae ' to the segment data (dominated by
background) and setting threshold equal to the mean of the Gaussian plus 3.75 times its
standard deviation. Above this threshold, peaks were identified and counted. The SNR
was determined using the equation:
SNR - (7)
-,S + B
where S is the signal above background and B is the mean background amplitude. Peak
count and SNR are summarized in Table 4. Results were analyzed with the help William
Phipps, Research Associate at DNA Medicine Institute, who developed the Matlab
program previously for analyzing results of similar experiments.
Region (seconds) Peak Count SNR Minimum SNR Maximum SNR mean ± Std.*
145.000 to 230.000 130 2.9 54.3 8.7±3.0
*Standard deviation (std.) assumes Poisson distribution behavior for true signal
population.
Table 4: Summarizes peak count and SNR data for region specified.
7.3 DISCUSSION AND IMPLICATIONS OF DATA
As can be seen in the photograph taken during the experiment, the dye exits the
consumable loader intact, implying that little or no leakage occurred as the saline drove
the fluid through the device. Some blue dye was found on the device, but it is unclear
whether this dye came from leakage or from contact with soiled gloves. The video
indicates that at least some blue dye came from soiled glove contact. Further testing must
be done to ensure leakage is not occurring.
Figure 47 shows several very distinct fluorescence intensity peaks. This indicates
that the beads from the "blood" capillary were successfully driven out of the consumable
and into the rHEALTH. The peak count in Table 4 is much higher and the SNR is much
lower than would be expected by looking at the trace. This is a result of the detection
technology, where beads on the edge of the flow will peak at a much lower intensity,
which is difficult to distinguish from the noise. Other members of the DNA Medicine
Institute team are currently working to improve this detection technology. Because this
test only verifies the flow of blood from the capillary in the consumable, further testing
will be performed to ensure that blood successfully mixes with reagents when driven
through a reagent capillary with reagents dried to the walls.
8 CONCLUSION AND RECOMMENDATIONS
8.1 SINGLE-USE LANCET
The single-use lancet design described in this report meets all requirements outlined
while also minimizing pain for the user. The design has been verified in a lab
environment, where it was shown that the penetration depth was as predicted, penetration
forces are high enough to penetrate skin, and lancet velocities are higher than our
device's competitors. First steps have been taken to modify the design to improve
manufacturing ease, but further steps will be taken once input from an industrial designer
has been incorporated into the design. DNA Medicine Institute is working with an
independent contractor, Robert Faranda, to provide industrial design input. The drawings
in Figure 48 are designs currently under consideration. Implementation of these designs
should not require any changes to the basic mechanism, only to the outer dimensions of
the device.
Lancot button
Finger grab scallops
Figure 48: Initial concept drawings created by industrial designer Robert Faranda.
A few other changes also need to be made to this design before it is ready for
production. In its current form, the finger stick devices will need to be individually
packaged in order to maintain their sterility. We plan to work with a focus group of
nurses to determine whether this would be a problem for them. We will also do a cost
analysis to determine whether it is cheaper to put the devices in separate packages or to
injection mold a cap onto the lancet to keep the needle sterile until use. Adding a cap to
the lancet will involve modification of spring and plunger dimensions in order to allow
for the diameter of the cap. These changes in the design are major enough to require re-
testing of the device.
Our next step with the current design is to perform testing of our lancet on human
subjects. Although the device has been used on a few employees at DNA Medicine
Institute, no formal study has been performed yet. In these tests, we will compare blood
volume and pain level between our device and the Roche CoaguChek@. This way we
will be able to ensure that our device can collect the necessary amount of blood, as well
as have a baseline as to the level of pain felt when using our device. All testing was and
will be performed under NASA IRB number SA-10-008.
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8.2 CAPILLARY LOADING MECHANISM
The consumable and consumable loader mechanism together meet all the
requirements outlined in this report. The loader has also been tested to ensure that
samples can be successfully driven out of the consumable and into the blood detection
device. An initial manufacturing plan has been developed, but further changes must be
made before the device is ready for production. Further tests must also be performed to
ensure proper mixing between blood and reagents within the consumable. Steps must also
be taken to minimize leakage.
Although the current design is fully functional, there are still some small changes
that need to be made in order to ensure device will perform consistently. The linkages
currently only lock onto the consumable some of the time and need to be constrained
better in order to ensure consistent locking. Spring sizes must also be adjusted in order to
optimize button force and consumable loading force. Also, some consideration must be
given to the materials used for these parts, especially in the blood collection device where
preventing leakage is extremely critical.
Finally, when the device is performing to a satisfactory level, we would like to take
it to focus groups to ensure that it performs as they had hoped. If the focus groups have
suggestions as to changes we should make in the design, these changes will be
implemented, as long as they don't interfere with any of the design requirements.
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Appendix A: Matlab Code for Finger Stick Force Data
1: Plot Force Data
% This program produces force versus time curves
% for both test conditions: gap to sensor and
% contact sensor
close all; clear all;
% Open contact sensor folder
cd('C:\Users\Julia\Documents\MATLAB\MS Thesis\ContactSensor')
F contact = dlmread('fsTriall.txt');
% Open gap sensor folder
cd('C:\Users\Julia\Documents\MATLAB\MS Thesis\GapSensor')
F gap = dlmread('fsTriall.txt');
% Plot full time curve
figure (1)
plot (F contact)
title('Force vs.
Time', 'FontSize',16, 'FontAngle', 'italic', 'FontWeight', 'bold')
xlabel('Time [s]','FontSize',16,'FontAngle','italic')
ylabel('Force [lbs]','FontSize',16,'FontAngle','italic')
set(gca,'FontSize',14)
% Zoom in on impact event, contact sensor
figure (2)
plot (F contact)
title('Impact Event: Contact
Sensor','FontSize',16,'FontAngle','italic','FontWeight','bold')
xlabel('Time [s]','FontSize',16,'FontAngle','italic')
ylabel('Force [lbs]','FontSize',16,'FontAngle','italic')
set(gca,'FontSize',14)
axis ([3.944e4 3.956e4 4 9])
% Zoom in on impact event, gap to sensor
figure (3)
plot (F gap)
title('Impact Event: Gap to
Sensor','FontSize',16,'FontAngle','italic','FontWeight','bold')
xlabel('Time [s]','FontSize',16,'FontAngle','italic')
ylabel('Force [lbs]','FontSize',16,'FontAngle',-'italic')
set(gca,'FontSize',14)
axis([3.2e4 3.3e4 -1.5 4.5])
2: Read Force Data
% This function receives a txt file as an input and
% returns the maximum force at impact for a lancet
% hitting a load cell
function [maxForce,numPoints] = readForceData(filename)
% clear all; close all;
F = dlmread(filename);
recFreq = 100000;
mass = .04e-3; % Mass of plunger in kg
plot(F)
numPoints = 0;
forceSum = 0;
forceOffset = 0;
counter = 0;
% Find force offset
i=l;
while(i<length(F))
if(abs(F(i+l)-F(i)) < 0.5)
forceOffset = forceOffset + F(i);
counter = counter + 1;
end
if(abs(F(i+l)-F(i)) > 0.5)
startImpact =
break
end
i=i+l;
end
% Adjust force according to offset
forceOffset = forceOffset/counter;
F = F-forceOffset; %Subtract offset from force
% Find force offset after impact
i=length (F);
forceOffsetAfter = 0;
counter2 = 0;
while (i>0)
if(abs(F(i)-F(i-1)) < 0.5)
forceOffsetAfter = forceOffsetAfter + F(i);
counter2 = counter2 + 1;
end
if(abs(F(i)-F(i-1)) > 0.5)
endImpact = i;
break
end
i=i-1;
end
forceOffsetAfter = forceOffsetAfter/counter2;
maxForce = max(F);
maxForceN = maxForce*0.45359237*9.8; % Convert to Newtons
3: Summarize Force Data
% This program plots the force data
% for the 10 trials
clear all; close all;
% Use readForceData function to read data from each trial
for i=1:10
filename = strcat('fsTrial',num2str(i),'.txt');
[force(i),numpoints(i)] = readForceData(filename);
end
% Read data from Roche trial
[forceR,numpointsR] = readForceData('RocheT1.txt');
initialL = dlmread('lancetStartL.txt');
recFreq = 100000;
x=1:10;
% Plot force for each trial
figure(1)
hold on
plot(x,force(1,:),'ob','MarkerFaceColor','b')
plot(ll,forceR,'or','MarkerFaceColor','r')
axis([0 12 0 6])
title('Maximum
Force','FontSize',16,'FontAngle','italic','FontWeight','bold')
xlabel('Trial Number','FontSize',16,'FontAngle','italic')
ylabel('Force [lbs]','FontSize',16,'FontAngle','italic')
set(gca,'FontSize',14)
% Plot force versus lancet length
figure(2)
plot(initialL,force,'ob')
title('Maximum Force vs. Length of
Lancet','FontSize',16,'FontAngle','italic','FontWeight','bold')
xlabel('Initial length of lancet
[in]','FontSize',16,'FontAngle','italic')
ylabel('Max Force [lbs]','FontSize',16,'FontAngle','italic')
set(gca,'FontSize',14)
%Histogram of DMI device measured peak force
figure(3)
hist (force, 5)
title('Maximum Force: Contact
Sensor','FontSize',16,'FontAngle','italic','FontWeight','bold')
xlabel('Max Force [lbs]','FontSize',16,'FontAngle','italic')
ylabel('Number of Trials','FontSize',16,'FontAngle','italic')
set(gca,'FontSize',14)
meanF = mean(force)
stdF = std(force)
cvF = stdF/meanF
Appendix B: Matlab Code for Finger Stick High Speed Video Data
1: Calculates Estimated Exit Velocity
% Julia Zimmerman
% Exit Velocity Calculations
% 11/17/2010
function [Vexit,vplunger,lancetout,x] =
lancetvelocity(m file,L file)
% Enter constants in metric units
k_spring = 4.5*(1/.0254)*9.8/2.2; % [lbs/in]*[in/m]*[N/kg]*[kg/lb]
k_springf = 2.9*(1/.0254)*9.8/2.2; % [lbs/in]*[in/m]*[N/kg]*[kg/lb]
x i = 0.331*(.0254); % [in]*[m/in] (0.0085598m)
m_plunger = dlmread(m file);
L lancet = dlmread(L file);
L-plunger = 0.2*(.0254); % [in)*[m/in]
D plunger = 0.088*(.0254); % [in]*[m/in]
ID tube = 0.094*(.0254); % [in]*[m/in]
exit d = 0.05*(.0254); % [in]*[m/in]
Al = pi*(D plunger/2)^2;
A2 = pi*(ID tube/2)^2;
A3 = pi*(exit d/2)^2;
t = (IDtube - Dplunger)/2;
rho = 1000; % [kg/m^3] for air
mu = 18e-6; % [Pa*s] for air
L tube = (0.226+2*0.2+0.188+.05+.08+.01)*.0254; % [inl*[m/in]
L ft = L tube - (0.563+0.188+0.2)*0.0254; % [m]
Fs trav = (.188-.052)*.0254; % [in]*[m/in]
% Constants for loops
dx = .00001;
backend = round(xi/dx); %value of loop counter where pluger no longer
in contact with back spring
freeend = back-end + round(Lft/dx); %value of loop counter where
plunger contacts front spring
frontend = freeend + round(Fstrav/dx); %value of loop counter where
plunger hits end
depth = (Llancet - (0.038+0.04))*0.0254; %depth of needle penetration
[m]
lancetout = frontend - round(depth/dx); %value of loop counter where
lancet exits
% Initialize variables
x(1) = 0;
deltax = zeros(front end+2,10);
F spring = zeros(frontend+2,10);
Ftot = zeros(front end+2,10);
x = zeros(front end+2,10);
v plunger = zeros(frontend+2,10);
work = zeros(front end+2,10);
P2 = zeros(front end+2,10);
v3 = zeros(front end+2,10);
Ftot = zeros(front end+2,10);
v2 = zeros(front end+2,10);
v3_squared = zeros(front end+2,10);
test var = zeros(front end+2,10);
F2 = zeros(front end+2,10);
F gap = zeros(front end+2,10);
F spring = zeros(front end+2,10);
F_spring(1,:) = k spring*x i;
% Calculate friction coefficients in 3 sections:
% 1. Back spring accelerating plunger
% 2. No springs in contact with plunger
% 3. Front spring decelerates plunger
% These coefficients are based off of data
% for velocity at certain points found using
% high speed video taken at 50,000 fps
% Section 1
for i=1:10
point1 = (back end - lancet out)*dx;
filenamel = strcat('FS',num2str(i),'.txt');
vl(i) = velocityAtX(filenamel,pointl);
end
vi mean = mean(vl);
Wfrl = .5*k spring*x i^2-.5*mean(m plunger)*v1_mean^2;
F fri = Wfrl/x i;
% Section 2
v2 = zeros(10,1);
for i=1:10
point2 = (free end - lancet out)*dx;
filename2 = strcat('FS',num2str(i),'.txt');
v2(i) = velocityAtX(filename2,point2);
end
v2 mean = mean(v2);
Wfr2 = .5*mean(mplunger)*vlmean^2-.5*mean(m plunger)*v2_mean^2;
F fr2 = Wfr2/L ft;
% Section 3
v3 = zeros(10,1);
for i=1:10
filename3 = strcat('FS',num2str(i),'.txt');
[~,v3(i),~] = readHSData(filename3);
end
v3 mean = mean(v3);
Wfr3 = .5*mean(m plunger)*v2_mean^2-.5*mean(m_plunger)*v3_mean^2-
.5*kspringf*mean((lancet out-free end)*dx)^ 2;
F fr3 = Wfr3/mean((lancet out-free end)*dx);
% Find velocity at each time step
for j = 1:10 %For each lancet tested
for i=1:back end %Section 1
x(i+i,j) = i*dx;
deltax(i+1,j) = xi-x(i+l,j);
F_spring(i+l,j) = kspring*deltax(i+1,j);
Ftot(i+l,j) = F spring(i+l,j)-Ffr1;
dWork = Ftot(i+1,j)*dx;
work(i+1,j) = work(i,j) + dWork;
v plunger(i+l,j) = sqrt(2*work(i+l,j)/mplunger(j));
end
for i = back end:free end %Section 2
x(i+l,j) = i*dx;
dWork = -F fr2*dx;
work(i+1,j) = work(i,j) + dWork;
v-plunger(i+l,j) = sqrt(2*work(i+l,j)/mplunger(j));
end
for i = free end:front end %Section 3
x(i+l,j) = i*dx;
deltax(i+1,j) = (i-free end)*dx;
F_spring(i+l,j) = -k springf*deltax(i+l,j);
Ftot(i+l,j) = Fspring(i+1,j)-Ffr3;
dWork = Ftot(i+l,j)*dx;
work(i+l,j) = work(i,j) + dWork;
v_plunger(i+l,j) = sqrt(2*work(i+l,j)/m-plunger(j));
end
v_plunger(i+2,j) = 0; %Plunger hits end of tube
x(i+2,j) = (i+l)*dx;
v_finalnoresist(j) = sqrt((k spring*x i^2-
k spring_f*Fstrav^2)/mplunger(j)); %Velocity without friction
V final resist(j) = v-plunger(i+l,j); %Velocity before hitting end of
tube
V exit(j) = vplunger(lancetout(j),j); %Velocity at exit (output of
this function)
end
2: Reads High Speed Video Data
% This function receives a txt file containing
% information from high speed video of the lancet
% and returns the maximum depth and exit velocity
function [maxDepth,exitVelocity,t] = readHSDataClean(filename)
% Read data from text file
[x,xVel,t] = textread(filename,'%*f %f %*f %f %*f %f','headerlines',7);
% Record maximum penetration depth
maxDepth = max(x);
% Exit velocity is velocity at first
% point where x > 0
i=1;
while(x(i)<0)
i=i+1;
end
exitVelocity = xVel(i+l);
3: Summarizes High Speed Video Data
% This program plots the velocity and
% penetration depth found using high speed
% video at 50,000 fps
clear all; close all;
% Use readHSData to read data from text files
for i=1:10
tNum(i) = i;
filename = strcat('FS',num2str(i),'.txt');
[depth(i),exitVel(i)] = readHSData(filename);
end
% Find depth and exit velocity for Roche trial
[xVel roche,t roche,x roche] = textread('Roche.txt','%*f %*f %*f %f %*f
%f %f','headerlines',7);
depthRoche = max(x roche);
i=1;
while(x roche(i)<0)
i=i+l;
end
exitVelRoche = xVel roche(i);
%Calculate estimated depth
initialL = dlmread('lancetStartL.txt');
initialL meters = initialL*.0254;
depthEst = initialL meters - (0.038+0.04)*0.0254;
[exitVelEst,vplunger,lancetout,x] =
lancetvelocity('lancetMass.txt','lancetStartL.txt');
% Plot estimated and actual depth for each trial
figure(1)
hold on;
plot(tNum,depth,'ob','MarkerFaceColor','b')
plot(tNum,depthEst,'sb')
plot(l1,depthRoche,'or','MarkerFaceColor','r')
plot(11,0.0018,'sr')
title('Depth of Needle
Pentration','FontSize',16,'FontAngle','italic','FontWeight','bold')
xlabel('Trial Number','FontSize',16,'FontAngle','italic')
ylabel('Penetration Depth [m]','FontSize',16,'FontAngle','italic')
h = legend('DMI Measured','DMI Estimated','Roche Measured','Roche
Expected', 4);
set(h,'Interpreter','none','Location','NorthWest')
set(gca,'FontSize',14)
% Plot estimated and actual exit velocity for each trial
figure(2)
84
hold on
plot(tNum,exitVel,'ob','MarkerFaceColor','b')
plot(tNum,exitVelEst,'sb')
plot(l1,exitVelRoche,'or','MarkerFaceColor','r')
title('Exit Velocity of
Needle','FontSize',16,'FontAngle','italic','FontWeight','bold')
xlabel('Trial Number','FontSize',16,'FontAngle','italic')
ylabel('Lancet Velocity [m/s]','FontSize',16,'FontAngle','italic')
p = legend('DMI Measured','DMI Estimated','Roche Measured',3);
set(p,'Interpreter','none','Location','NorthWest')
axis([l 11 0 36])
set(gca,'FontSize',14)
% Print mean exit velocity and lancet length
mean (exitVel)
mean(initialL)
dx = .00001;
% Plot estimated velocity profile of lancet
figure(3)
hold on
new x = x-lancet out(7)*dx;
plot(newx,vplunger(:,7))
title('Velocity Profile of
Lancet','FontSize',16,'FontAngle','italic','FontWeight','bold')
xlabel('Needle travel [m]','FontSize',16,'FontAngle','italic')
ylabel('Needle Velocity [m/s]','FontSize',16,'FontAngle','italic')
axis([-.011 .003 0 25])
set(gca,'FontSize',14)
%Histogram of DMI device measured velocity
figure(4)
hist (exitVel, 5)
title('Exit
Velocity','FontSize',16,'FontAngle','italic','FontWeight','bold')
xlabel('Velocity [m/s]','FontSize',16,'FontAngle','italic')
ylabel('Number of Trials','FontSize',16,'FontAngle','italic')
set(gca,'FontSize',14)
meanVel = mean(exitVel)
stdVel = std(exitVel)
cvVel = stdVel/meanVel
%Histogram of DMI device measured depth
figure(5)
hist(depth,5)
title('Penetration
Depth','FontSize',16,'FontAngle','italic','FontWeight','bold')
xlabel('Depth [m]','FontSize',16,'FontAngle','italic')
ylabel('Number of Trials','FontSize',16,'FontAngle','italic')
set(gca,'FontSize',14)
meanDep = mean(depth)
stdDep = std(depth)
cvDep = stdDep/meanDep
% Measured vs estimated velocity
figure(6)
plot(exitVelEst,exitVel,'ob','MarkerFaceColor','b')-
axis([4 16 4 16])
title('Exit Velocity: Measured vs
Estimated','FontSize',16,'FontAngle','italic','FontWeight','bold')
xlabel('Estimated Velocity [m/s]','FontSize',16,'FontAngle','italic')
ylabel('Measured Velocity [m/s]','FontSize',16,'FontAngle','italic')
set(gca,'FontSize',14)
% Measured vs estimated depth
figure(7)
plot(depthEst,depth,'ob','MarkerFaceColor','b')
axis([O 5e-3 0 5e-3])
title('Penetration Depth: Measured vs
Estimated','FontSize',16,'FontAngle','italic','FontWeight','bold')
xlabel('Estimated Depth [m]','FontSize',16,'FontAngle','italic')
ylabel('Measured Depth [m]','FontSize',16,'FontAngle','italic')
set(gca,'FontSize',14)
